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ABSTRACT
Pockmarks are seabed depressions that represent primary evidence of rapid biogenic/
thermogenic gas build up and ﬂuid release from seabed sediments to the water column. We
use a Geographical Information System (GIS) to analyse multibeam echo-sounder
bathymetric data and use a range of semi-automated tools to map seabed pockmarks in
fjords and adjacent coastal waters around western Scotland. We map 1019 individual
pockmarks in 12 diﬀerent hydrographic areas covering ca. 2019 km2. We use morphological
metrics and statistical procedures to classify and analyse the variety of pockmark forms. A k-
means clustering algorithm identiﬁes three classes of pockmark morphology: deep, elongate
and regular. The recognition of separate pockmark classes could aid understanding of their
age, activity and origin. This work presents the ﬁrst detailed mapping of pockmark ﬁelds in
Scottish west coast waters and highlights the use of pockmarks as an indicator of the
quantity, mobility and fate of stored carbon.
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1. Introduction
Fjords, ﬁrths and coastal seabed sediments are impor-
tant stores of carbon (Smeaton et al., 2016; Smith,
Bianchi, Allison, Savage, & Galy, 2015). Despite fjordic
environments being recognised over three decades ago
as major carbon stores and globally important natural
sequestration sites (Syvitski, Burrell, & Skei, 1987),
quantifying the carbon in fjordic and other marine
sedimentary systems has remained a largely neglected
topic. Two recent studies have provided the ﬁrst quan-
titative estimates of total carbon storage buried within
Scotland’s fjordic sediments (Burrows et al., 2014;
Smeaton et al., 2017); however, the results diﬀer
strongly. Smeaton et al. (2017) demonstrate that the
earlier estimates of organic carbon within Scotland’s
111 fjords or ‘sea lochs’ signiﬁcantly underestimated
the actual total, probably by around three orders of
magnitude (0.34 Mt cf 640.7 Mt of C). It is becoming
increasingly apparent that the fjordic environments
of western Scotland represent a more substantial car-
bon store (per square metre) than terrestrial equiva-
lents (Smeaton et al., 2016).
Pockmarks are classically described as conical
shaped seabed depressions, but can vary greatly in
shape and size. They are typically formed by the
focused migration and venting of carbon-rich ﬂuids
and gases, commonly methane, from the sub-seabed
sediment into the water column (Judd & Hovland,
2007). It is widely held that the presence of pockmarks
at the seabed reﬂects the presence or former presence
of gas-rich sub-surface sediments (King & Maclean,
1970). Determining the age and activity status of pock-
marks can be challenging, however there is a growing
agreement that their distribution, density and mor-
phology could be useful indicators of the gas-storage
potential of the sediments beneath (Hovland, Hegg-
land, De Vries, & Tjelta, 2010; Krämer et al., 2017).
Furthermore the presence of gas release features are a
signiﬁcant geo-hazard to oﬀshore developments (Best
et al., 2006). In some cases the presence of submarine
structures made by leaking gases can be designated as
a Special Area of Conservation (SAC), such as the
European designated Scanner pockmark SAC in the
North Sea (Gafeira & Long 2015b; JNCC, 2018). Pock-
marks have been discovered in many locations on
ocean ﬂoors worldwide and at a range of depths from
>1000 m in the abyssal ocean (Panieri et al., 2017; Pil-
cher & Argent, 2007) to much shallower settings on the
continental shelf (<100 m), providing evidence of their
wide bathymetric range. In European waters, gas/ﬂuid-
escape related pockmarks have been identiﬁed from
high-resolution bathymetry and geophysical data in
all the shelf seas: in the Mediterranean (Marinaro
et al., 2006), Black Sea (Çiﬁ¸, Dondurur, & Ergün,
2003; Papatheodorou, Hasiotis, & Ferentinos, 1993),
Baltic (Whiticar & Werner, 1981), Barents Sea
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(Hovland & Judd, 1988; Solheim & Elverhøi, 1993) and
North Sea Basins (Gafeira & Long, 2015a; Judd & Hov-
land, 2007; Krämer et al., 2017). So far, no inventory or
detailed studies have been conducted of pockmarks in
Scottish fjords or the adjacent shelf seas west of the UK.
Over the past ﬁfteen years, the inshore (territorial)
waters of western Scotland (<12 nautical miles from
shore) have been surveyed using a range of diﬀerent
hydro-acoustic multibeam (swath) echo-sounder
(MBES) systems, chieﬂy as part of the Civil Hydrogra-
phy Programme (CHP) of the UK Hydrographic Oﬃce
(UKHO), under the auspices of the UK Maritime and
Coastguard Agency (MCA). The resulting high-resol-
ution bathymetric datasets provide substantial cover-
age of the seaﬂoor around Western Scotland with a
horizontal (grid) resolution of 1–10 m and a vertical
resolution of generally <0.5 m (Figure 1). A range of
seabed gas-release and instability features have been
identiﬁed fromMBES imagery in the fjords and coastal
waters of West Scotland, often coupled with other sub-
seabed acoustic data (Arosio & Howe, 2018; Hillman,
Gorman, & Pecher, 2015; Stoker et al., 2006; Stoker
& Bradwell, 2009). The pockmarks previously mapped,
from the fjords of Western Scotland, are a testament to
the large volume of organic material deposited within
these nearshore semi-enclosed basins before, during
and immediately after ice-sheet deglaciation (Smeaton
et al., 2016, 2017; Stoker et al., 2006).
This paper maps the distribution of seabed pock-
marks from MBES data in a range of oﬀshore settings
around Western Scotland, all of which contain sub-
stantial Quaternary sediment sequences. We then
Figure 1. Study sites across western Scotland. Blue region within inset map indicates region designated as a Special Area of Con-
servation (SAC).
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classify these pockmarks based on robust morphologi-
cal criteria to assess their geographical and bathymetric
variability. This work builds a quality-controlled geos-
patial database of pockmark forms, in a Geographic
Information System (GIS), and importantly extends
the work of others who have focused on certain Scot-
tish fjords (Howe et al., 2010; Stoker & Bradwell,
2009). The paper is accompanied by a map showing
the location, water depth and morphometric summary
of all pockmarks so far identiﬁed (n > 1000) within ca.
2020 km2 of coastal waters. This work forms part of a
wider study to investigate whether high-resolution
hydro-acoustic bathymetry data can be used to reveal
the location, extent and fate of carbon stored in seabed
sediments around western Scotland.
2. Study sites
We deliberately choose datasets from within diﬀerent
hydrographic and bathymetric settings around Western
Scotland. Rather than restricting the study to fjords we
extend the geographical scope of this research by includ-
ing seabed areas further oﬀshore but still within UK
internalwaters or territorial limits (deﬁned in the Scottish
Adjacent Waters Boundaries Order, 1999). All these
areas experienced a similar style and intensity of glacia-
tion during the last (Weichselian) glacial cycle and
share a broadly similar Quaternary stratigraphy (Brad-
well, Stoker, & Larter, 2007; Dove, Arosio, Finlayson,
Bradwell, & Howe, 2015; Fyfe, Long, & Evans, 1993;
Howe, Dove, Bradwell, & Gafeira, 2012). To explore the
distribution of pockmarks in western Scottish waters
we analysed datasets in the following three, loosely
deﬁned, geographical settings:
(i) Fjords – using the deﬁnition presented in Howe
et al. (2010): glacially over-deepened marine
basins that have restricted water circulation
due to sills separating the deep waters from the
open coastal settings beyond the mouth of the
fjord. In this study these fjordic settings include:
Loch Broom, Little Loch Broom, Loch Linnhe,
Loch Spelve and Loch Melfort. These sea lochs
are also classiﬁed as fjords by Smeaton et al.
(2017).
(ii) Fjord approaches and glaciated bays – these
regions lie just outside the mouth of the fjord
but typically lie between larger projecting head-
lands or islands not far oﬀshore (<10 km).
These regions are generally wider and more
open to marine inﬂuences than fjords; but, like
fjords, have also been heavily glaciated and con-
tain isolated sediment-ﬁlled basins. The hydro-
graphic (tidal and current) regimes are typically
stronger in fjord approaches than within semi-
enclosed, more protected, fjordic environments.
Study areas in this category include: Stornoway
Bay, the Summer Isles, Loch Slapin Approaches,
Arisaig Bay and the Firth of Lorn.
(iii) Extra-fjordic waters – these regions are geo-
graphically further away from the classical fjords
and their approaches, typically being 5–20 km
beyond the fjord mouth but, in western Scotland,
located within a wider seaway or strait (i.e. The
Minch or Sea of the Hebrides). These ‘extra-fjor-
dic’ regions are well exposed to marine inﬂuence,
but still somewhat protected from the open North
Atlantic Ocean by islands to the west (The Outer
Hebrides/Western Isles). These regions are the
least hydrographically restricted of the three
areas, and can be exposed to stronger currents
and larger waves. However, like fjords and fjord
approaches, these more-distal coastal waters still
retain a strong seabed imprint of glaciation and
contain a diverse range of sediment-ﬁlled basins
(Arosio & Howe, 2018; Bradwell & Stoker, 2015;
Dove et al., 2015). Study areas within this cat-
egory include: the North Minch, and the Inner
Sea of Hebrides (East of Rum).
3. Data and methods
We use 12 MBES datasets from inshore surveys of
Western Scotland collected between 2005 and 2015
by the UKHO. The surveys were conducted to the
International Hydrographic Organisation order 1a spe-
ciﬁcation (IHO Standards for Hydrographic Surveys
2008) using a variety of research vessels and echo-
sounder models. Multibeam data were processed
using CARIS HIPS and SIPS software and gridded at
a variety of resolutions from 2 to 12 m. Further details
on the data collection process are available from the
ADMIRALTY Marine Data Portal (https://data.
admiralty.co.uk/portal/apps/sites/#/marine-data-
portal).
The MBES datasets were imported, viewed and ana-
lysed in ArcGIS 10.4 using the BGS Seabed Mapping
Toolbox developed by the British Geological Survey
(BGS) seabed mapping toolbox (Gafeira, Long, &
Diaz-Doce, 2012). The toolbox was set to speciﬁcally
detect and map conﬁned depressions within each
study site (Figure 2) using a bespoke methodology.
This workﬂow involved three main stages: (i) raster
preparation, (ii) feature delineation and (iii) statistical
classiﬁcation (Figure 3).
The ﬁrst stage, raster preparation, was necessary as
it is diﬃcult to isolate features based on the bathyme-
try alone. This is especially true in regions that con-
tained larger sediment-ﬁlled basins containing
features of interest or in regions with bathymetric
artefacts resulting from data collection. The ArcGIS
‘Filter’ tool was used to smooth the bathymetry and
remove the eﬀects of artefacts. The next step was to
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use the ‘Filter-based Clip’ within the BGS toolbox to
isolate the main regions of interest. By clipping the
raster surface to the regions that contained the fea-
tures of interest, we reduced the mapping time and
removed the eﬀect large basins have on the mapping
process. From this point it is possible to select several
methods that can transform the raster into a derived
terrain that can highlight various bathymetric
characteristics and aid the feature recognition pro-
cess. Tools that proved most useful were the
Figure 2. Conical shaped depressions within the Stornoway bay study site. (a) 3D bathymetric image showing the conical shaped
depressions. (b) Bathymetric raster within ArcGIS showing the distribution of pockmarks, alongside the position of a 1978 pinger
seismic line. (c) 1978 pinger seismic line showing the pockmarks on the seabed (P) and the irregular horizon shown by the yellow
line that indicates the occurrence of acoustic turbidity.
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‘Landform’ tool available in the ‘Geomorphometry
and Gradient Metrics’ toolbox (Evans, Oakleaf, &
Cushman, 2014) which highlights regions of concav-
ity/convexity and the ﬁne and broad scale ‘Bathy-
metric Positioning Index’ (BPI) tools available in
the ‘Benthic Terrain Modeler’ toolbox (Walbridge,
Slocum, Pobuda, & Wright, 2018). Any number of
methods can be used at this point and it was found
that several are required to be tested in order to
achieve the best result from the mapping toolbox.
In order to achieve the results presented here it was
found that a landform-derived surface and a ﬁne/
broad scale BPI surface provided a suitable raster
that highlighted the pockmarks and allowed for the
most accurate delineation. Therefore a BPI surface
was used for most of the regions to delineate the
pockmarks. For the region of the North Minch due
to the overall featureless bathymetry in regions
where pockmarks have formed the multibeam bathy-
metry itself was used to identify and delineate the
pockmarks.
The second stage involved using the ‘Feature Deli-
neation Bathy’ or the ‘Feature Delineation BPI’ tool
within the seabed mapping toolbox. This tool allows
for several limits to be set in order to target a speciﬁc
feature. These limits include: cut-oﬀ vertical relief,
minimum vertical relief, minimum width, minimum
width/length ratio, buﬀer distance. For a more detailed
account of the BGS seabed mapping toolbox see
Gafeira et al. (2012, 2018). Just as with the previous
step, several passes were required in order to assess
the correct thresholds that capture the majority of the
pockmarks and delineate them most accurately. This
phase of ‘assessment’ is critical for determining the
accuracy and eﬃciency of the mapping. Should the
mapping be sub-standard then it is likely that a change
in the thresholds of the feature delineation is needed or
using a derived terrain from the previous stage may, in
fact, be the best input. It is common for the tool to not
delineate all features of interest or to incorrectly delin-
eate a selection. In this case, since there are only a few
hundred delineated features within each study site and
the overall accuracy of the mapping was acceptable, it is
possible to assess visually and perform manual correc-
tions to the errors. The toolbox can then be used to cal-
culate a range of morphological characteristics and
record them within the attribute table for each deli-
neated feature. Three characteristics of note include:
the depth of the pockmark into the seabed, also
known as its vertical relief; elongation, calculated as
width/length ratio; minimum water depth, which is
the depth of the water column to the pockmark ‘ﬁll’
level. We use the key attributes to describe the mor-
phology of the features.
The morphological classiﬁcation of the pockmarks
was conducted using a statistical k-means clustering
algorithm (MacQueen, 1967; Wagstaﬀ, Cardie, Rogers,
& Schroedl, 2001) within the software R. This approach
assigns a set number of clusters to the dataset. A ran-
domly placed centroid for each cluster is inserted
into the dataset and as more observations are added
to each cluster the centroid position is recalculated as
the mean value of the observations within that cluster.
Each cluster therefore contains all the observations that
are more similar to each other than to members of
another cluster. To determine the number of clusters,
we used the elbow method (Bholowalia, 2014; Xue,
Lee, Wakeham, & Armstrong, 2011). This method
examines the ratio of the between sum of squares and
total sum of squares for the dataset when we introduce
1–10 clusters. The point at which the gradient of the
line changes indicates the desired number of clusters
to be set, as each additional cluster added after this
point explains less of the variation within the dataset.
When we assign each delineated feature a designated
Figure 3. Schematic showing the workﬂow of pockmark deli-
neation in ArcGIS 10.4 followed by the statistical analysis in R.
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cluster, from the k-mean clustering algorithm, we can
assess the amount of error using a partition plot that
ﬁts a quadratic function to the separate clusters. The
ability for this function to explain the clusters is
assessed and a low application error rate value is
desired. This process used the ‘partimat’ function
within the ‘klaR’ package in R. This method was con-
ducted with several variable combinations, however,
the vertical relief: elongation ratio gave the lowest
error values. This set of variables also give a good rep-
resentation of the 3D morphology of the pockmarks.
We then integrated these results back into the GIS to
spatially visualize the diﬀerent pockmark classes
based on their morphology and distribution across
the study sites.
4. Results
4.1. Pockmark classiﬁcation
From the feature delineation process using the meth-
odology described above (Figure 3) we have identiﬁed
1019 conical shaped depressions. These have been
interpreted as pockmarks – the main lines of evidence
for this are discussed further (see Discussion).
The elongation values for each of the delineated
pockmarks (Figure 4(a)) show that most of the
elongated forms are present within the extra-fjordic
settings. The majority of the circular forms are to be
found within the fjord approach/glaciated bays,
which then skews gradually as a result of a few
elongated forms also present within this setting. The
fjordic setting also appears to be mostly circular
forms but with more elongated pockmarks than within
the fjord approach/ glaciated bay setting.
The vertical relief values for each pockmark have
also been recorded in each setting (Figure 4(b)). We
can see that the deepest pockmarks are recorded within
the Fjord approaches/ glaciated bays and the fjordic
settings. The majority of the shallowest pockmarks
are within the extra fjordic settings.
The elbow plot results (Figure 5) show the variance
within the pockmark dataset, as a function of the num-
ber of clusters chosen. We can see the greatest change
in the gradient of the line at 3 clusters (n = 3). This
shows that if we introduce additional clusters (n > 3)
the amount of variance explaining each cluster
decreases. Therefore 3 clusters provide the most mean-
ingful explanation for the variance within the dataset
based on the elongation and vertical relief values of
the pockmarks. This value is then used to separate
the dataset into clusters using the k-means clustering
method. From this we recognise three clusters that
are reasonably well described using a quadratic func-
tion within the partition plot, giving a low application
error rate value of 0.026 (Figure 6). On the basis of this
statistical morphometric analysis, we deﬁne these three
classes of pockmarks as: class 1 = ‘deep’ forms, class 2
= ‘regular’ and class 3 = ‘elongate’.
4.2. Pockmark class distribution
Table 1 brieﬂy outlines the type and relative frequency
of pockmarks in each bathymetric study area, from
north to south.
5. Discussion and conclusions
The conical depressions we have mapped in coastal
(territorial) waters around Western Scotland are inter-
preted as pockmarks based on: (i) their exclusive occur-
rence in seabed sediment; (ii) their morphological
similarity to other pockmarks mapped elsewhere in
European shelf seas; (iii) their association with regions
of acoustic (gas) blanking in seismic records (Figure 2).
We have mapped 1019 pockmark forms between
56.1oN and 58oN within diﬀerent bathymetric settings
all within west coast Scottish inshore (territorial)
Figure 4. Morphological characteristics of pockmarks within each environmental setting. (a) Pockmark elongation values. (b) Pock-
mark vertical relief (Depth).
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waters (<12 nm oﬀshore). This work represents the
ﬁrst widespread and detailed mapping of pockmarks
around western Scotland. The map, ﬁgures and accom-
panying morphological data show the pockmark distri-
butions in six typical fjords (Loch Broom, Little Loch
Broom, Loch Slapin, Loch Linnhe, Loch Spelve and
Loch Melfort); the approaches to those fjords (i.e. Stor-
noway Bay, the Summer Isles, Firth of Lorn, Arisaig
Bay and Inner Sea of Hebrides regions) and more-dis-
tal ‘extra-fjordic’ waters (i.e. the North Minch) – cov-
ering a total area of 2019 km2. However, our dataset
only covers these discrete regions, hence the map
does not represent a complete record of all pockmarks
around western Scotland. Many more are likely to exist
in other fjordic and further-oﬀshore sedimentary
environments. At the moment these areas lie outside
our geographical region of interest or have not yet
been surveyed with MBES.
The elongation and vertical relief (Figure 4) of the
pockmarks were chosen as key morphological metrics
to explore possible feature classes. Pockmark elongation
most likely represents the eﬀects of local hydrographic
conditions (Gafeira et al., 2012; Hovland, 1983; Picard
et al., 2018), whereas the depth or vertical relief of the
Figure 5. ‘Elbow plot’ showing the variance of the dataset as a function of the number of clusters we chose to set. Here we can see a
change in the angle of the line at three clusters.
Figure 6. Partition plot showing the results of Elongation as a function of the vertical relief of pockmarks when separated into three
clusters. This gives an error value of features that do not separate into the clusters that they have been designated.
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pockmark more closely relates to activity status of pock-
marks; with deeper pockmarks likely to have been active
for longer periods of time or to have experienced a more
intense venting of gas (forcing more sediment into sus-
pension), alternatively the sediment characteristics of
the area might allow deeper and steep pockmark walls
to form without collapsing. In either case it is likely that
the diﬀerent hydrographic conditions and history of gas
venting have formed pockmarks with diﬀerent mor-
phologies. Therefore we have deﬁned three morphologi-
cal classes based on a statistical analysis of pockmark
shape and depth; these three classes best represent the
diﬀerent forms of pockmark found western Scotland
(with a small application error) (Figure 7). Deep pock-
marks (class 1) are relatively rare but could be unusually
deep for two main reasons: they have been active for
longer periods of time, or they were the site of higher-
magnitude gas venting. Regular pockmarks (class 2)
are the most common and conform with relatively shal-
low width:depth shape proﬁle. The majority of mapped
features fall within this category. Elongate pockmarks
(class 3), have shallow depth proﬁles with the deepest
point located towards one end. The pockmark becoming
elongated over time owing to the dominant prevailing
hydrographic conditions.
Regional trends in pockmark morphology exist
across the dataset; these are discussed very brieﬂy
here as this forms the basis of more detailed work (in
preparation). Elongate forms are seen to be pro-
portionately more common within Loch Broom, Little
Table 1. Percentage of pockmark types within each study site.
Region Area Description Area (Km2) No. of Pockmarks Regular (%) Elongate (%) Deep (%)
Stornoway Bay Fjord Approach/ Glaciated Bay 86.4 191 91 4 5
North Minch Extra-Fjordic 876.8 178 73 27 0
Summer Isles Fjord Approach/ Glaciated Bay 232.1 70 79 17 4
Loch Broom Fjord 18.1 23 35 61 4
Little Loch Broom Fjord 24.1 18 72 28 0
Loch Slapin Approach Fjord Approach/ Glaciated Bay 82.1 42 45 55 0
Inner Sea of Hebrides Extra Fjordic 205.1 66 38 39 23
Arisaig Bay Fjord Approach/ Glaciated Bay 125.8 69 16 16 15
Loch Linnhe Fjord 168.3 169 51 17 32
Firth of Lorn Fjord Approach/ Glaciated Bay 161.2 123 54 2 44
Loch Spelve Fjord 9.8 13 92 8 0
Loch Melfort Fjord 29.3 38 26 3 71
Figure 7. Identiﬁed pockmark classes alongside their generic proﬁles. (Yellow) Common pockmarks, (orange) Deep pockmarks,
(green) Elongate pockmarks.
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Loch Broom, North Minch, Loch Slapin and Inner Sea
of Hebrides. In all these localities it is likely that higher-
than-average or sustained bottom currents have acted
to scour and sculpt features in the direction of prevail-
ing currents (Hovland, 1983; Picard et al., 2018). Inter-
estingly, deep pockmarks are rare or absent in those
settings where elongated forms are relatively common,
possibly related to several variables such as a reduced
activity status; where pockmarks do not have the
same capacity to have a single large venting episode.
Equally the sediment characteristics of the region
might be unable to facilitate deep, steep walls and
therefore inﬁll. In either of the above cases the active
venting of the pockmark would form with low slope
angles and the local hydrographic conditions would
remove material from the region and form the tail of
the pockmark. Deep pockmarks are proportionately
more common in the southern study sites around the
Firth of Lorn as well as in Arisaig Bay and Inner Sea
of Hebrides. This may indicate that gas venting was
more intense within these regions than in other set-
tings, as such they may represent a more pristine
form of pockmark that has been unaﬀected by sedi-
mentation or local currents. Alternatively, the sediment
physical properties of the region may be more condu-
cive to forming steep sided pockmarks. Elongate forms
are generally rare in the southern sites suggesting a lack
of strong bottom currents in these more protected
inshore settings.
The recognition of three classes of pockmarks pre-
sent within the inshore waters of western Scotland
has highlighted the variability in morphology and the
spatial distribution patterns of these gas- release fea-
tures. These morphological diﬀerences indicate diﬀer-
ent styles of formation as a result of their activity
history and the sedimentary/ hydrographic character-
istics of the regions they form in. The size and number
of pockmarks around western Scotland indicate the
range of carbon- rich environments present, that
extend the main carbon reservoirs previously discov-
ered within the fjordic settings alone (Smeaton et al.,
2016, 2017). From the ﬁndings of this research it is
believed that pockmarks are a useful indicator of past
and still present carbon stores. The relationship
between pockmark morphology/spatial distribution
and the potential volume of gas released remains to
be investigated.
Software
The maps were produced in ArcGIS 10.4 using the
British National Grid co-ordinate reference system.
Mapping of features was achieved using several Add-
ins to the ArcGIS toolbox including the BGS Seabed
Mapping Toolbox, the Benthic Terrain Modeler and
the Geomorphometry and Gradient Metrics toolbox.
Pie charts showing the percentages of pockmarks of
that class within each study site were produced in
Microsoft Excel. The statistical software programme
R was used for the statistical analysis, where the KlaR
package was used to produce the partition plots.
Data
Datasets used within this study are made available
through the ADMIRALTY Marine Data Portal
(https://data.admiralty.co.uk/portal/apps/sites/
#/marine-data-portal).
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